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Abstract. The new effect of photostimulated dissolution of as-evaporated and annealed
Ge-based chalcogenide glass (ChG) films was investigated in detail. The etching rate 
increases with the illumination intensity, and its spectral dependence is correlated with 
absorption in the film at the absorption edge. A possible mechanism for the photoinduced 
etching of ChG films has been discussed. The high-frequency diffraction gratings on 
germanium ChG – more environmentally acceptable compounds than traditionally used 
arsenic chalcogenides – were recorded using the method of interference immersion 
photolithography with photoinduced etching.
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1. Introduction
Chalcogenide vitreous semiconductors, or, in other 
words, chalcogenide glasses (ChG), attract attention of 
many researchers owing to widely diverse photoinduced 
changes in their structure and, as a consequence, in their 
properties (optical characteristics, conductivity, 
solubility in selective etchants, and even mechanical 
characteristics). These modifications serve as a basis for 
the practical use of ChG as inorganic photoresists [1-4], 
media for optical and electrical information recording 
[5-7], and other applications [8, 9]. 
Photoinduced modifications of ChG films deposited 
using thermal evaporation in vacuum have two 
components: reversible and irreversible [5, 6]. The use of 
chalcogenide films as photoresists is specifically related 
with irreversible changes in their solubility. ChG films 
thermally deposited in vacuum have a considerable 
amount of “anomalous” homopolar bonds. Pores and 
voids are also present, even if these films have 
stoichiometric composition. Illumination or annealing 
causes polymerization of molecular groups into the basic 
matrix of chalcogenide glass, which is accompanied by 
decreasing the number of homopolar bonds and voids, and 
it is this circumstance that changes the physical-and-
chemical properties of ChG films and, in particular, their 
solubility. Sufficiently high etching selectivity is observed 
in this process only in arsenic-based chalcogenide films, 
such as SAs  , SeAs  and SeSAs  . ChG films 
based on germanium are low-sensitive and deposition of 
an additional silver layer is necessary for their use as a 
photoresist, which markedly complicates the 
technological process. Moreover, annealed ChG films, in 
which thermally stimulated polymerization of the 
structure has already occurred, and films deposited by a 
non-thermal method (laser or magnetron sputtering in 
vacuum, deposition from solutions) are also insensitive 
(characterized by low etching selectivity). 
Photostimulated effects in ChG have been mostly 
studied in films that are freshly deposited, annealed, and 
illuminated, with analysis of changes in the structure and 
physical-and-chemical properties of a film as a result of 
exposure to light. However, investigations performed in 
situ under exposure to light have shown [10, 11] that 
transient photoinduced structural changes are also 
observed in ChG films. These changes are only observed 
during illumination of the films and rapidly relax after 
switching off the light. 
In our previous investigations, it was shown for the 
first time that these transient structure changes in ChG
films (including the annealed ones) are accompanied by
a change in the solubility of chalcogenide in selective 
etchants, and negative amine-based etchants dissolve
illuminated areas of chalcogenide films, i.e. act as
positive etchants [12, 13]. This new photostimulated
effect allows to realize the photolithographic process on
annealed ChG layers (including Ge-based films) and 
deposited using non-thermal methods with simultaneous
exposure and selective etching of these layers. In this 
paper, we report on the results of investigations of this 
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Fig. 1. The scheme of photoinduced etching for ChG film in interference pattern of coherent laser radiation (a) and the same 
with using the prism (b): 1 – silica cuvette filled with selective etching solutions (2), 3 – substrate, 4 – adhesive layer of Cr, 5 –
chalcogenide photoresist, 6 – immersion substance, 7 – prism.
effect in Ge-based chalcogenide films and realization of 
interference photolithography (including immersion 
interference lithography) in these layers.
2. Experiment
The samples were prepared by successive thermal 
evaporation in vacuum at a residual pressure of 
Pa102 3 , with a 6-nm thick (effective thickness) 
adhesive layer of Cr and ChG layers with thicknesses 
from 200 up to 600 nm, deposited onto substrates. 
Polished glass and silicon (orientation {111}) plates are 
used as substrates. The layer thickness was controlled 
during deposition with a KIT-1 quartz micro-balance 
and measured by MII-4 microinterferometer upon 
deposition. Some of deposited films were annealed for 
0.5 to 2 h at temperatures 5 to 15 °C lower than Tg, 
where Tg is the glass-transition temperature of a given 
chalcogenide.
The etching rates of ChG films were studied using 
the quartz-oscillator method [14] in a silica cuvette filled 
with a selective etchant [15] based on amine solutions. 
The exposure of the samples during etching was 
performed using the integral light of a DRSh-250 
mercury lamp. Spectral emission lines of the same lamp 
were selected by filters for investigation of spectral
dependences for the photoetching rate.
Interference structures on the ChG films were 
recorded using their exposure to an interference pattern 
[16] formed by the light of a helium-cadmium laser 
(wavelength λ = 440 nm) with the holographic setup 
assembled in accord with the wave-amplitude division 
method. During exposure, these samples were also 
placed into the silica cuvette filled with selective etching 
solutions (Fig. 1a). For decreasing the grating period, a 
glass prism was used (Fig. 1b). In this method of 
immersion interference lithography, the prism was 
applied to the silica cuvette using immersion liquid. This 
method allows to increase the spatial frequency of a 
grating by n times, where n is the refraction index of the 
prism material.
The profile shape of the obtained structures was 
investigated using a Dimension 3000 Scanning Probe 
atomic force microscope (AFM) (Digital Instruments 
Inc.). The diffraction properties of the obtained relief 
gratings were studied by measuring the spectral 
dependence of the diffraction efficiency η(λ) of samples 
preliminarily coated with a 40-nm-thick Al reflecting 
layer. Value η was taken as the ratio of the diffracted 
beam intensity to that of the incident beam, and were 
measured for s- and p-polarized light (electric vector of 
light-wave is perpendicular and parallel to grating 
grooves, respectively). Spectral measurements were
performed for the first order of diffraction by using the 
setup close to the Littrow scheme, the angle between the 
incident and diffracted beams was close to 8 deg. The 
angular dependence η(φ) was measured using a helium-
neon laser (λ = 632.8 nm).
3. Results and discussion
Fig. 2 shows the kinetic curves d(t) for the etching of 
Ge25Se75 layers in a selective amine-based etchant [15]. 
The initial thickness of these layers was d0 = 300 nm (d 
is the residual layer thickness after etching, and t is the 
duration of etching): 1 – as-deposited unexposed layer, 
2 – annealed unexposed layer, 3 – as-deposited layer 
illuminated during etching by integral radiation of a 
mercury lamp (250 W) with the energy density of 
incident radiation p = 8.8 mW/cm2, 4 – annealed layer 
illuminated by the same radiation during etching.
It can be seen in Fig. 2 that selected non-water 
etchant based on amine solution is characterized by good 
selectivity for the annealed Ge25Se75 layer (value of 
selectivity defined by the ratio of the dissolution rates) 
for exposed and unexposed layers reached 20). But in 
contrast to traditional lithography on ChG photoresists 
which use thermally deposited (and non-annealed) ChG
layers and where there is a negative selectivity 
(unexposed photoresist areas are dissolved faster, than 
exposed), in the photoetching case those layers dissolve 
faster that are illuminated in the process of etching 
(curves 3 and 4, as compared with the curves 1 and 2).
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Fig. 2. Dissolution kinetics of Ge25Se75 layers in the amine-
based etchant: 1 – as-deposited unexposed layer, 2 – annealed 
and unexposed layer, 3 – as-deposited layer exposed during 
etching by integral radiation of the mercury lamp (250 W) with 
the energy density of incident radiation p = 8.8 mW/cm2, 4 –
annealed layer exposed during etching by the same lamp. 
The dissolution rate increases with increasing the 
radiation intensity non-linearly: six-fold increase in light 
power results in three times reduction in the time of 
complete film dissolution. For germanium 
chalcogenides, the photoetching effect occurs both on 
annealed and as-evaporated layers, but selectivity of 
etching is slightly high on the annealed layers.
The spectral dependence of the photoinduced 
etching efficiency for ChG layers correlates well with 
the spectral dependence of the absorption index k near 
the absorption edge of these films [17]. However, within 
the short-wave spectral range the photoetching 
efficiency slightly decreases. This decrease in efficiency 
may be caused by the absorption of short-wave radiation 
in the etchant solution.
Similar results with certain quantitative details 
were obtained for arsenic chalcogenide films, but for the 
arsenic-based ChG the photoetching effect occurs only 
in annealed layers [12].
What is the mechanism of the fast dissolution of 
ChG films (including the annealed ones and deposited
by non-thermal methods) during the course of its 
illumination, i.e., why does the photoinduced etching 
effect appear? It may be assumed that, at a sufficient 
illumination intensity at which a substantial 
concentration of photoexcited carriers is generated in a 
film, the structure of the film somehow changes. This 
suggestion was confirmed by in situ EXAFS, ESR and 
Raman investigations of reversible photostructural 
changes in ChG [10, 18, 19]. It has been shown that the 
initial step of the process is formation of dynamic 
interchain bonds through photoinduced unpairing of 
lone-pair electrons. Subsequent bond relaxation and 
rupture result in a metastable structural change.
Transient changes in the ChG structure during 
illumination are also confirmed by the extensively 
studied phenomenon of photostimulated flow 
(photoinduced plasticity) in films of binary 
chalcogenides and selenium [20, 21]. This phenomenon 
is characterized by a decrease in viscosity and an 
increase in fluidity of ChG films exposed to light with 
sufficient intensity and is only observed during 
illumination of ChG. Several microscopic mechanisms 
of photoinduced plasticity have been suggested [18, 22]. 
Fritzsche [22] attributed photoinduced plasticity to the 
light-stimulated generation of pairs with variable valence 
and to the recombination-stimulated displacement of 
atoms. The recombination-induced bond rearrangements 
continue as long as ChG is exposed to electron-hole 
producing light, and this dynamic state is comparable to 
the structural state near the glass-transition temperature. 
Other authors [18], being based on in situ EXAFS and 
Raman experiments, propose two possible mechanisms, 
namely: (i) an interchange of covalent bonds through 
bond rupture and rebonding (which is supported by 
EXAFS results [23]) and (ii) weakening the 
intermolecular and interchain bonds (which agree with 
Raman measurements [24]). 
These transient structure changes, as shown by our 
investigations [12], are accompanied by a change in 
solubility of chalcogenides in selective etchants. It can 
be assumed that photodissolution of ChG is probably 
stimulated just by bond rearrangements during their 
exposure to photoactive light.
The results obtained by us enable to use the 
photoinduced etching of ChGs in formation of 
lithographic masks or profiled interference structures 
[12]. Photolithography based on this effect has a number 
of advantages in comparison with conventional use of 
ChG films as photoresists. It can be realized on annealed 
chalcogenide layers, which are characterized by a lower 
defect concentration than that in thermally as-deposited 
films. This makes it possible to obtain higher quality 
lithographic masks or periodic profiled phase structures. 
Another advantage of photolithography using the
photoetching effect is that the processes of etching and 
exposure in this method are combined, which diminishes 
the number of technological operations in the 
photolithographic process. In photoetching lithography 
for deposition of chalcogenide films, more technological 
methods can be also used: electron-beam evaporation, 
laser or high-frequency magnetron sputtering, deposition 
on the substrate from solutions. Being annealed at a 
temperature close to the glass-transition point, all 
chalcogenide films have properties close to those of a 
chalcogenide glass of corresponding composition, 
irrespective of the deposition method.
This effect has been used to fabricate diffraction 
gratings on germanium ChG – more environmentally 
acceptable compounds than traditionally used arsenic 
chalcogenides.
Fig. 3 shows AFM picture of the diffraction grating
that was formed on the annealed Ge25Se75 film (the 
initial thickness of this layer was d0 = 200 nm) by 
photoetching method with using the same amine-based
etchant. The spatial frequency of grooves in the recorded 
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Fig. 3. AFM image of the diffraction grating recorded in a Ge25Se75 layer by using the method of interference lithography with 
photoinduced etching and the profile of its grooves.
Fig. 4. AFM image of the diffraction grating recorded in an Ge25Se75 layer by using the method of immersion interference 
lithography with photoinduced etching and the profile of its grooves.
grating is 1mm7001  ; the profile depth is 65 nm. The 
shape of the groove profile of the grating is nearly 
sinusoidal. The recording time of the grating is 20 min, 
and its size is 30×30 mm at a laser power of 25 mW. 
During exposure to the absorbed radiation of a helium-
cadmium laser (wavelength λ = 440 nm), the diffraction 
efficiency of the formed grating was monitored in situ
with the non-photoactive light of a helium-neon laser 
(λ = 632.8 nm). The increase in photoetching time (or 
power of laser) allows to obtain gratings with a higher 
relief depth. 
To increase in the spatial frequency of gratings, we 
used a glass prism with n = 1.5, which was applied to a 
silica cuvette using immersion liquid (Fig. 1). Fig. 4
shows AFM image of the obtained diffraction grating
formed on the Ge25Se75 film by this method of 
immersion interference lithography with photoinduced 
etching. The spatial frequency of grooves in the recorded 
grating was 1mm3304  ; the profile depth – 25 nm. The 
shape of the groove profile of the grating was nearly 
sinusoidal, too. The recording time (when using a 
helium-cadmium laser, λ = 440 nm) for the grating was 
50 min, and its size was 30×30 mm for the laser power 
25 mW.
The diffraction structures formed in this way have 
corresponding optical properties of holographic
diffraction gratings. Fig. 5 shows the spectral 
dependences of diffraction efficiency for a grating (with 
the profile shown in Fig. 3) coated with a reflective Al
layer (thickness 40 nm). The curves 1 and 2 correspond 
to perpendicular and parallel orientation of the light 
wave electric vector relatively to the grating grooves.
Fig. 6 shows the dependence of the diffraction 
efficiency on the angle of light incidence η(φ) for the 
sample shown in Fig. 3. Results for both polarizations 
were obtained.
Relations between diffraction characteristics of a 
grating and their groove profile as well as the depth of 
modulation were investigated by many authors [25-27]. 
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Fig. 5. Spectral dependence of the diffraction efficiency η 
for the grating formed by photoetching (the same sample as
in Fig. 3): curves 1 and 2 correspond, respectively, to
perpendicular and parallel orientation of the light wave
electric vector relatively to the grating grooves.
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Fig. 6. Angular dependence of the diffraction efficiency η 
for the grating formed by photoetching (the same sample as
in Fig. 3): curves 1 and 2 correspond, respectively, to
perpendicular and parallel orientation of the light wave
electric vector relatively to the grating grooves.
In particular, in [27] the spectral dependence of the 
diffraction efficiency of symmetric gratings with various 
forms of the grooves was investigated. The authors 
showed that, by changing the groove profile, the 
maximum η position on the wavelength axis and width 
of the operation interval of the grating can be controlled. 
If we compare our results in Figs 5 and 6 with 
theoretically calculated characteristics for gratings with 
sinusoidal groove profile, we can note qualitative 
agreement between the angular and spectral η 
dependences. As can be seen from the analysis of AFM 
images (Figs 3 and 4), profiles of our gratings are close 
to the sinusoidal one, as it is postulated in the theoretical 
calculations. These results are consistent with the quasi-
linear kinetics of ChG photoetching (Fig. 2), at the initial 
part of the dissolution kinetics, for small changes in 
thickness of ChG layer (in our case d/d0 ~ 0.8-0.7 ).
4. Conclusions
The simultaneous illumination and etching of as-
evaporated and annealed Ge-based ChG films results in 
the photoinduced enhancement in the solubility of the 
chalcogenides in selective etchants. It was shown that 
negative-action etchants based on amines dissolve 
illuminated portions of a chalcogenide film, i.e., act as 
positive etchants. It can be assumed that the 
photodissolution of ChGs is stimulated by bond 
rearrangements under exposure to a photoactive light.
The effect of photostimulated dissolution has been 
used for fabrication of diffraction gratings in germanium 
ChG films by interference immersion photolithography. 
Relief parameters and diffraction properties of the 
obtained structures have been studied. The photoetching 
technique used to form interference periodic structures 
onto chalcogenide layers is simple, inexpensive, and
adaptable to large-scale manufacturing.
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